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A B ST R A C T
We determine the orbits of four double degenerate systems (DDs), composed of two 
white dwarfs, and of two white d w arf- M dwarf binaries. The four DDs, WD1022+050, 
WD1428+373, WD1824+040, and WD2032+188, show orbital periods of 1.157155(5) 
d, 1.15674(2) d, 6.26602(6) d and 5.0846(3) d respectively. These periods combined 
with estimates for the masses of the brighter component, based on their effective tem­
peratures, allow us to constrain the masses of the unseen companions. We estimate that 
the upper limit for the contribution of the unseen companions to the total luminosity in 
the four DDs ranges between 10 and 20 per cent. In the case of the two white dwarf - M 
dwarf binaries, W D 1042-690 and WD2009+622, we calculate the orbital parameters 
by fitting simultaneously the absorption line from the white dwarf and the emission 
core from the M-dwarf. Their orbital periods are 0.337083(1) d and 0.741226(2) d 
respectively. We find signatures of irradiation on the inner face of WD2009+622’s 
companion. We calculate the masses of both components from the gravitational red­
shift and the mass-radius relationship for white dwarfs and find masses of 0.75 -  0.78 
M0 and 0.61 -  0.64 M0 for W D 1042-690 and WD2009+622 respectively. This indi­
cates tha t the stars probably reached the asymptotic giant branch in their evolution 
before entering a common envelope phase. These two white dwarf - M dwarf binaries 
will become cataclysmic variables, although not within a Hubble time, with orbital 
periods below the period gap.
Key words:
binaries: close -  binaries: spectroscopic -  white dwarfs
1 IN T R O D U C T IO N
A b o u t 10 per cen t of w hite dw arfs reside in  close b inary  
system s (N apiw otzki e t al. 2003). T he  fo rm ation  of w hite- 
dw arf close-binary system s com m ences w ith  a  p a ir of m ain ­
* The Isaac Newton and William Herschel telescopes are oper­
ated on the island of La Palma by the Isaac Newton Group in the 
Spanish Observatorio del Roque de los Muchachos of the Instituto 
de Astrofísica de Canarias. Based on observations collected at the 
Centro Astronómico Hispano Alemán (CAHA) at Calar Alto, op­
erated jointly by the Max-Planck Institut für Astronomie and the 
Instituto de Astrofísica de Andalucía (CSIC). Based on observa­
tions collected with ESO telescopes at the Paranal Observatory 
under programme IDs 165.H.-0588 and 167.D-0407.
sequence s ta rs  o rb iting  in  a  wide binary. T he  m ost m as­
sive s ta r  will evolve faster becom ing a g ian t and  transferring  
m ass to  its  com panion. If  m ass tran sfe r is sufficiently rap id , 
th e  resu lt will be th e  fo rm ation  of a  com m on envelope (CE) 
m ade of th e  o u te r layers of th e  g iant. T he  o rb ita l energy of 
th e  b inary  can  th e n  be  used to  eject th e  envelope, th e  re­
su lt being a  b inary  com posed of a w hite dw arf and  a  m ain  
sequence com panion. If th e  m ass ra tio  of th e  in itia l com po­
n en ts  was close to  unity , th e  b in ary  form ed a fter C E  ejection 
can  still be wide, w hereas in  th e  case of ex trem e m ass ra ­
tios, th e  tw o com ponents will sp iral in  to  eject th e  envelope 
form ing a  tig h te r binary. T h is  binary , called a p o st com m on 
envelope b inary  (P C E B ), if close enough, m ight becom e a 
cataclysm ic variable (CV) if m ass is tran sfe rred  stab ly  from
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th e  m ain  sequence s ta r  to  th e  w hite  dwarf. If, on th e  o ther 
han d , th e  b in ary  is too  w ide to  becom e a CV, th e  m ain  
sequence s ta r  will evolve in to  a  g ian t and  th e  system  will 
undergo  an o th e r C E phase. W hen  th e  envelope is ejected, 
th e  resu lting  b in ary  will be  com posed of two w hite  dw arfs a 
few solar rad ii ap a rt - called a double degenera te  (D D ). For 
de ta ils  on th e  evolution  and  fo rm ation  of D D s see N elem ans 
e t a l.’s (2001 ) recen t po p u la tio n  synthesis stud ies and  ref­
erences therein . T he  s tu d y  of w h ite-dw arf close-binary s ta rs  
can  help us u n d e rs tan d  th e  elusive C E  phase th a t  th ey  m ust 
have gone th ro u g h , a t least once, du ring  th e ir  evolution. T his 
phase is very difficult to  s tu d y  in  any o th e r m anner as it las ts 
only of th e  o rder of 1 to  100 years. For recent calculations 
on  C E ejection  efficiencies see Soker & H arpaz (2003) and 
references therein .
T he  sub jec ts of th is  paper, w hite dw arf - M  dw arf b i­
naries and  D D s, are, as m entioned  above, th e  p rogenitors 
of CVs, and  p o ten tia l p rogen ito rs of T ype  Ia  supernova re­
spectively. A sho rt period  D D  w here th e  com bined m ass of 
th e  w hite dw arfs exceeds th e  C han d rasek h ar m ass m ight 
becom e a T ype  Ia  supernova (Iben  & T u tukov  1984), b u t 
no cand ida tes  have yet been  found. W e should  m en tion  th a t  
th is  idea is still q u ite  controversial w ith  som e th eo ris ts  claim ­
ing th a t  a  DD does no t becom e a T ype Ia  supernova (Saio 
& N om oto 1998) and  o thers claim ing th a t  th is  can  be th e  
case if one includes ro ta tio n  in  th e  calcu lations (P iersan ti et 
al. 2003). T he  ESO  Supernova Ia  P rogen ito r Survey (SPY ) 
has as its  m ain  goal to  search  system atica lly  for m assive, 
sh o rt period  D D s in  th e  galaxy to  estab lish  th e ir  d irec t link 
w ith  T ype  Ia  supernova and  it is th e  source of m ore th a n  100 
recen tly  discovered D D  system s (N apiw otzki e t al. 2003). E f­
forts are also been  carried  ou t to  system atica lly  find w hite 
- M  dw arf b inaries by using th e  Sloan D ig ita l Sky Survey 
(SDSS) resu lting  in  m ore th a n  400 possible cand ida tes  (Sil­
vestri, Hawley & Szkody2003).
Schreiber & G ansicke (2003) review  th e  evolution  of 
th e  know n sam ple of w h ite-dw arf close b inaries w ith  m ain  
sequence com panions, th e  P C E B s, and  conclude th a t ,  due 
to  selection effects, th e  (un til th en ) know n pop u la tio n  of 
P C E B s is d om ina ted  by young system s w ith  ho t w hite 
dw arfs th a t  will evolve in to  sho rt period  C V s (P  <  3 h). 
T he  P C E B  sam ple is b iased tow ard  low m ass com panions 
as well w hich is th e  reason w hy th ey  evolve in to  sho rt period  
CVs. In  co n trast, th e  P C E B s found in  th e  SDSS (R aym ond 
e t al. 2003), published  la te r on, show an  average w hite  dw arf 
te m p e ra tu re  significantly  lower, d em o n stra tin g  th a t  to  sam ­
ple th e  full p a ram ete r space b e tte r  selection c rite ria  have to  
be  devised.
In  th is  p ap e r we s tu d y  6 w hite  dw arf close-binary stars. 
Four of th em  are found to  be  D D s, th e  o ther tw o are com ­
posed of a w hite  dw arf and  an  M  dw arf s ta r. T he  separa tion  
of b o th  com ponents in these b inaries is of th e  o rder of a 
few solar rad ii, as de term ined  from  th e ir  sh o rt o rb ita l p eri­
ods, so th ey  are detached  system s w here no m ass tran sfe r 
betw een th em  takes place. We o b ta in  th e ir  o rb ita l solutions 
and  com pare th e  resu lts o b ta ined  w ith  pred ic tions d raw n 
from  p o p u la tion  synthesis studies.
T ab le  1. Journal of observations. A description of the setup used 
with each telescope is given in the text. N indicates the number 
of spectra taken with each setup. * indicates high resolution spec­
tra  covering only the emission core of Ha. The brightness in B 
magnitudes of each target is also given.
Object N Date Setup Inst.
WD1022+050 10 29/2-3/3/96 AAT RGO
(B =  14.37) 3 19/3/97 AAT RGO
6 8-10/2/98 INTa IDS
2 5/6/98 AAT RGO
2 15/4/03 INTb IDS
2 17/4/03 INTb IDS
WD1428+373 2 16/2/97 INTb IDS
(B =  14.9) 4 9-10/2/98 INTa IDS
9 3-5/3/99 INTa IDS
8 23/7/00 W HT ISIS
2 23/1/03 W HT ISIS
WD1824+040 13 19-24/6/95 INTa IDS
(B =  14.00) 13 29/2-3/3/96 AAT RGO
17 18-21/3/97 AAT RGO
2 23-24/6/97 INTa IDS
2 17-18/5/00 VLT UVES
5 4/5-18/8/01 VLT UVES
10 26-30/10/01 INTa IDS
5 23-27/2/02 3.5m TWIN
WD2032+188 10 12-24/6/93 W HT ISIS
(B =  15.30) 3 14-15/8/93 W HT ISIS
8 10-12/6/95 W HT ISIS
1 6/11/97 INTa IDS
1 22/11/97 W HT ISIS
2 15/4/03 INTb IDS
W D 1042-690 15 29/2-3/3/96 AAT RGO
(B =  13.05) 5 18-20/3/97 AAT RGO
WD2009+622 4* 10/6/96 W HT UES
(B =  15.00) 6 21-25/6/95 INTa IDS
6 11/7/98 W HT ISIS
8 14/7/98 W HT ISIS
7 6-7/10/98 W HT ISIS
2 OBSERVATIONS A N D  R E D U C T IO N
T he d a ta  used in th is  s tu d y  were tak en  over m any years 
(since 1993) using five different telescopes and  seven differ­
en t setups. T able 1 gives a list of th e  num ber of sp ec tra  taken  
for each ta rg e t a t each observing cam paign  ind ica ting  also 
w hich telescope was used in each case.
AAT: denotes d a ta  tak en  w ith  th e  R oyal G reenw ich O b­
servato ry  (R G O ) sp ec trog raph  a t th e  4 m  A nglo-A ustralian  
Telescope (A AT). T he  se tup  consisted  of th e  82 cm  cam era 
w ith  th e  R 1200R  g ra ting  cen tred  in  H a . T he  CCD  used was 
an  M IT-LL (3kx1k) in  fast read o u t m ode. T h is com bination  
gives a d ispersion  of 0.23 A p ixel- 1 .
IN Ta: denotes d a ta  tak en  w ith  th e  In te rm ed ia te  D isper­
sion S pec trog raph  (IDS) a t th e  2.5m Isaac N ew ton Telescope 
(IN T) on th e  island of L a Palm a. For these  d a ta , th e  se tup  
consisted of th e  500 m m  cam era  w ith  th e  R 1200R  g ra ting  
cen tred  in  H a  and  th e  Tek (1kx1k) chip. T h is  com bination  
resu lts in  a d ispersion of 0.39 A p ixel- 1 .
IN T b: denotes d a ta  tak en  also w ith  th e  IDS a t th e  
IN T  b u t w ith  a se tup  th a t  consisted of th e  235 m m  cam era 
w ith  th e  R1200B g ra ting  and  th e  E EV 10 (2kx4k) CCD . T he
©  0000 RAS, MNRAS 000, 1-16
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w avelength range covered in th is  case included H y and  H,3. 
T h is com bination  resu lts  in  a d ispersion of 0.48 A pixel- 1 .
W H T: denotes sp ec tra  tak en  w ith  th e  4.2m  W illiam  
H erschel Telescope (W H T ) on L a P alm a. M ost of th e  spec­
t r a  were ob ta ined  using th e  double arm  sp ec trog raph  ISIS. 
O nly th e  red  sp ec tra  were used in  ou r study. E xcep t for th e  
sp ec tra  tak en  in  Jan u a ry  2003, th e  se tu p  for th e  red  arm  con­
sisted  of th e  500 m m  cam era  w ith  th e  R 1200R  g ra ting  and 
a Tek C CD  (1kx1k) giving a d ispersion  of 0.40 A p ixel- 1 . 
For th e  sp ec tra  of W D 1428+373 tak en  in  Jan u a ry  2003, a 
M A R C O N I CCD  (2kx4.7k) was used  giving a  d ispersion  of 
0.23 A p ixel- 1 . In  th e  case of th e  4 h igh reso lu tion  spec­
t r a  tak en  of W D 2009+622 (m arked w ith  a s ta r  in  T able 1), 
th e  U trech t Echelle sp ec trog raph  (UES) was used w ith  th e  
35 cross d isperser and  a  Tek (1kx1k) C CD  giving a  typ ica l 
d ispersion  of 0.07 A p ixel- 1 .
VLT: denotes d a ta  tak en  w ith  th e  U V -V isual Echelle 
S pec trog raph  (U V ES) a t th e  U T 2 (K ueyen) V LT 8.2 m  te le ­
scope located  a t P a ra n a l O bservatory . T he  se tup  used con­
sisted  of D ichroic 1 (cen tral w avelengths 3900 A and  5640 A) 
w ith  a E E V  C CD  (2kx4k) for th e  blue arm  and  tw o CCD s, 
a E E V  (2kx4k) and  a M IT-LL (2kx4k) for th e  red  arm . T his 
se tu p  allows us to  achieve alm ost com plete sp ec tra l cover­
age from  3200 A to  6650A w ith  only tw o ~ 8 0 A  wide gaps 
a t  4580 A and  5640 A. A slit w id th  of 2 .1” was used to  m in­
im ise slit losses and  th e  C CD s were b inned  2 x 2 to  reduce 
read o u t noise. T h is  se tup  resu lts  in  a sp ec tra l reso lu tion  of
0.36 A (or b e tte r  if th e  seeing d isk is sm aller th a n  th e  slit 
w id th) a t H a . E xposure tim es were 5 min.
3.5 m: denotes d a ta  tak en  w ith  th e  double beam  T W IN  
sp ec tro g rap h  a t th e  3.5 m  telescope in  th e  C alar A lto  O b­
servatory. O nly th e  red  sp ec tra  were used in  th is  paper. 
T he  se tu p  for th e  red  arm  consisted  of th e  230 m m  cam era 
w ith  th e  T06 g ra ting  (1200 grooves m m - 1 ) and  a SITe-CCD  
(2kx0 .8k) giving a  d ispersion  of 0.55 A pixel- 1 .
T he  slit w id th  was set to  values betw een 0.8 and  1 arcsec 
depend ing  on th e  seeing. W e m ade sure  in  every case th a t  
th e  s ta r  filled th e  slit to  avoid system atic  errors in  th e  rad ia l 
velocities caused by th e  s ta r  w andering in  th e  slit du ring  an  
exposure.
For th e  AAT, IN T , and  W H T  runs we ob ta ined  C uA r 
plus C uN e fram es to  ca lib ra te  th e  sp ec tra  in w avelength. 
In  th e  case of th e  3.5 m  and  V LT observations th e  wave­
leng th  ca lib ra tion  arc used was a T hA r. A ll ta rg e t sp ec tra  
were b racketed  by arc sp ec tra  tak en  w ith in  one hou r and  th e  
w avelength scale in te rp o la ted  to  th e  tim e  of m id-exposure. 
W e su b tra c te d  from  each im age a co n stan t b ias level d e te r­
m ined from  th e  m ean  value in  its  over-scan region. T ungsten  
flatfield fram es were ob ta ined  each n igh t to  correct for th e  
pixel to  p ixel response varia tions of th e  chip. Sky flatfields 
were also o b ta ined  to  correct for th e  p ixel to  pixel varia tions 
of th e  chip along th e  slit. A fter debiasing and  flatfielding th e  
fram es, sp ec tra l ex trac tio n  proceeded according to  th e  op­
tim a l a lgorithm  of M arsh  (1989). T he  arcs were ex trac ted  
using th e  profile associated  w ith  th e ir  corresponding ta rg e t 
to  avoid system atic  errors caused by th e  sp ec tra  being tilted . 
U ncerta in ties on every po in t were p ropaga ted  th ro u g h  every 
stage  of th e  d a ta  reduction . W e d id  no t a tte m p t to  correct 
for light losses in  th e  slit. For th e  V LT sp ec tra  a  special 
procedure  was applied  to  correct for a quasi-periodic rip ­
ple p a tte rn  appearing  in  m any  of th e  uncorrec ted  m erged 
sp ec tra  (N apiw otzki e t al. 2005). T he  resu lting  V LT sp ec tra
were th e n  d iv ided  by a sm oothed  sp ec tru m  of a D C  w hite 
dw arf, w hich by defin ition  shows no spec tra l fea tu res a t all 
and  therefore  provides an  excellent m eans of correcting  for 
th e  in s tru m en ta l response.
3 RESULTS
3.1 Average spectra
Fig. 1 p resen ts th e  average red  sp ec tra  for th e  six sys­
tem s discussed in  th is  paper. T he  sp ec tra  of four of th e  
system s, W D 1022+050, W D 1428+373, W D 1824+040 and 
W D 2032+188, are very sim ilar showing only very b road  ab ­
so rp tion  a t H a . W D 1 0 4 2 -690 and  W D 2009+622, on th e  
o th e r hand , show a double line s tru c tu re  in  th e ir  H a  line 
profile com posed of b road  abso rp tion  com ing from  th e  w hite 
dw arf and  narrow  em ission from  th e  hea ted  surface of th e  
M  dw arf com panion. As th is  narrow  em ission moves w ith in  
th e  abso rp tion  profile w ith  th e  o rb ita l period, an  average 
sp ec tru m  w ould show th e  em ission b roadened  and  for th a t  
reason for these  tw o system s we presen t th e  sp ec tru m  a t a 
p a rticu la r o rb ita l phase in s tead  of an  average of th e  spec­
t r a  during  an  o rb it. T he  narrow  em ission in  W D 1 0 4 2 -690 
is, on average, significantly  stronger th a n  for W D 2009+622. 
For W D 2009+622, th e  s tren g th  of th e  narrow  em ission core 
changes w ith  o rb ita l phase and  only a t o rb ita l phase 0.5 
(w hen we are looking d irectly  in to  th e  hea ted  face of th e  
M  dw arf) reaches sim ilar s tre n g th  to  th a t  in  W D 1 0 4 2 -690. 
See Section 3.3.1 for details.
3.2 Four double degenerate system s
To m easure th e  rad ia l velocities of th e  four double de­
generates: W D 1022+050, W D 1428+373, W D 1824+040 and 
W D 2032+188, we used least squares fitting  of a m odel line 
profile. T he  m odel line profile is th e  sum m ation  of th ree  
G aussian  profiles w ith  different w id ths and  dep ths. For any 
given s ta r , th e  w id ths and  d ep th s  of th e  G aussians are op ­
tim ised  and  th e n  held fixed while th e ir  velocity offsets from  
th e  res t w avelengths of th e  lines in  question  are fitted  sep­
a ra te ly  for each spectrum ; see M ax ted , M arsh  & M oran 
(2000c) for fu r th e r de ta ils  of th is  procedure.
O nce th e  rad ia l velocities for each system  were know n 
(see T able 2) we used a “floating m ean” periodogram  to  
determ ine  th e  periods of our ta rg e ts  (e.g. C um m ing, M arcy 
& B u tle r 1999). T he  m eth o d  consists in fitting  th e  d a ta  w ith  
a  m odel com posed of a  sinusoid p lus a  co n stan t of th e  form:
Y +  K s in ( 2 n f  (t -  to)),
w here f  is th e  frequency and  t  is th e  observation  tim e. T he 
key po in t is th a t  th e  system ic velocity is fitted  a t th e  sam e 
tim e  as K  and  t 0. T h is corrects a failing of th e  well-known 
Lom b-Scargle (Lom b 1976; Scargle 1982) periodogram  w hich 
s ta r ts  by su b trac tin g  th e  m ean  of th e  d a ta  and  th e n  fits a 
p la in  sinusoid; th is  is no t th e  b es t approach  for sm all num ­
bers of po in ts. W e ob ta ined  th e  x 2 of th e  fit as a  function  
of f  and  th e n  identified m in im a in  th is  function.
Table 3 gives a  list of th e  o rb ita l p a ram eters  derived for 
each D D  b inary  s ta r. T he  o rb ita l period  of th e  second best 
alias is also given, along w ith  th e  difference in  x 2 betw een
©  0000 RAS, MNRAS 000, 1-16
T ab le  2. Radial velocities for the 5 systems. In the case of the 2 white dwarf-M dwarf systems the values given are measured from the 
M dwarf.
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-  2440000 RV (km s - 1 ) HJD -  2440000 RV (km s- 1 ) HJD -  2440000 RV (km s- 1 )
WD1022+050 WD1824+040 WD2032+188
10143.1257 -32.23±2.55 9893.4920 96.12± 3.76 9162.5641 42.79±5.58
10143.1447 -34.08±3.03 9893.4999 95.64± 4.97 9162.5752 52.97±5.51
10144.0893 20.85±2.67 10143.2756 58.98± 2.83 9162.6371 54.49±4.82
10144.1012 16.48±2.46 10143.2818 56.00± 3.20 9162.6485 53.30±5.03
10145.0577 89.35±1.96 10143.2880 52.64± 2.81 9214.5046 97.72±4.18
10145.0697 81.96±2.01 10143.2949 51.37± 3.05 9214.5220 99.70±4.15
10146.0863 111.94±2.21 10144.2766 100.47± 1.85 9214.5414 102.52±4.47
10146.0983 116.99±2.04 10144.2851 100.91±1.96 9878.6788 -7.75±4.36
10146.1719 99.17±1.99 10144.2936 102.73±2.10 9878.6848 -5.62±4.46
10146.1839 97.42±2.22 10145.2760 101.46±2.65 9879.7064 62.70±8.39
10527.1487 5.75±3.16 10145.2892 99.27±3.30 9879.7136 61.99±7.84
10527.1584 8.34±3.63 10146.2791 58.95±2.54 9879.7207 72.30±8.73
10527.1670 5.32±3.83 10146.2862 57.30±2.88 9880.7100 98.97±7.60
10852.5812 -31.10±4.68 10146.2934 57.87±3.59 9880.7171 95.36±7.19
10852.5911 -41.51±3.72 10146.2986 54.33±8.30 9880.7270 98.67±7.50
10854.4604 56.58±4.83 10526.2345 89.86±1.74 10759.3259 57.43±8.35
10854.4688 66.99±4.17 10526.2465 92.02±1.68 10775.3924 97.21±3.23
10855.4728 109.75±3.07 10526.2585 96.23 ±1.81 12745.6895 -39.02±7.58
10855.4853 109.26±2.80 10526.2715 95.24±1.64 12745.7036 -22.83±6.93
10969.8494 102.51±3.08 10526.2835 94.06±1.60 WD1042 -690
10969.8567 107.65±3.09 10526.2955 92.74±1.36 10143.1591 76.49±0.39
12744.4589 -30.08±4.44 10526.3078 97.26±2.34 10143.1687 76.13±0.36
12744.4731 -40.03±4.63 10527.2658 109.40±4.04 10143.9950 -56.70±0.44
12746.5091 26.01±3.96 10527.2777 113.65±3.27 10144.0000 -57.84±0.44
12746.5232 23.86±4.21 10527.2898 109.12±2.87 10144.1363 57.57±0.54
WD1428+373 10527.2995 109.09±4.06 10144.1401 61.33±0.56
10495.7128 -40.29±7.71 10528.2664 63.33±3.97 10144.2244 54.00±0.48
10495.7230 -2 9 .5 7 ±  8.36 10528.2809 69.52±3.61 10144.2586 9.87±0.54
10853.7482 -7 .3 1 ±  3.91 10529.2823 10.56±42.73 10144.2625 5.78±0.57
10853.7658 -1 0 .2 2 ±  3.99 10529.2931 9.85±2.60 10144.2663 -1 .43±0.67
10854.6999 40.78± 3.68 10529.3025 5.22±3.03 10144.2702 -3 .85±0.57
10854.7709 34.01± 3.39 10529.3095 12.36±5.84 10145.0378 -58.52±0.55
11240.5750 -7 9 .2 3 ±  6.07 10622.5164 50.08±3.68 10145.0416 -56.30±0.47
11240.6267 -6 5 .3 8 ±  3.68 10623.7062 -6.21±4.38 10145.9757 -29.74±0.58
11240.7237 -1 1 .0 7 ±  3.80 11681.7165 35.50±1.12 10145.9808 -34.51±0.57
11241.5861 -8 1 .31±  3.88 11682.8933 -15.40±0.79 10526.1651 20.20±0.47
11241.6592 -8 9 .18±  3.36 12033.8514 -13.50±1.12 10527.1754 21.97±0.45
11241.7579 -5 4 .58±  4.47 12078.7265 6.4±0.63 10528.1260 77.15±0.75
11242.5826 -5 7 .44±  3.76 12116.5747 21.30±0.52 10528.1406 69.36±0.92
11242.7032 -8 8 .63±  3.89 12117.5939 81.90±0.56 10528.1558 59.51±1.04
11242.7749 -9 2 .46±  4.03 12139.5163 13.20±2.44 WD2009+622
11749.3945 -9 5 .69±  1.98 12209.3141 -12.86±1.41 9889.6260 -25.63±3.04
11749.4086 -8 8 .57±  2.23 12209.3241 -15.21±1.51 9891.6758 50.04±3.81
11749.4247 -9 5 .29±  2.09 12210.3159 7.46±1.67 9892.6414 -93.00±3.41
11749.4388 -9 1 .40±  2.05 12210.3322 14.18±1.04 9892.6633 -123.83±3.55
11749.4580 -8 4 .93±  2.05 12210.3579 12.56±1.59 9893.6384 -208.76±4.27
11749.4721 -7 9 .71±  2.10 12211.3070 60.44±1.68 9893.6603 -188.42±3.83
11749.4885 -7 3 .10±  2.28 12211.3198 65.92±1.34 10244.6034 32.39±1.61
11749.5026 -7 0 .89±  2.25 12211.3344 69.37±1.27 10244.6270 12.99±1.63
12663.7233 40.86±4.25 12212.3669 110.82±1.33 10244.6798 -38.75±1.68
12663.7801 42.97±4.43 12213.3830 80.96±2.12 10244.7081 -77.49±1.73
WD1824+040 12328.7068 -18.31±1.22 11005.7017 27.46±2.33
9887.5980 91.57± 12.09 12329.6908 22.18±2.56 11005.7077 35.25±2.31
9887.6209 99.20± 14.57 12330.7425 86.05±1.75 11005.7136 38.70±2.18
9887.6529 106.03± 4.25 12331.7437 102.40±3.32 11005.7213 33.43±2.22
9888.5371 95.16± 2.44 12332.7505 85.59±3.65 11005.7272 44.31±2.30
9888.5455 94.28± 3.47 WD2032+188 11005.7324 33.92±3.87
9889.5252 45.32± 2.24 9150.6424 -40.70±6.83 11008.6761 34.63±2.64
9889.5332 41.20± 3.19 9150.6533 -18.85±6.08 11008.6820 41.52±2.57
9891.5276 -2 .1 0 ±  2.48 9150.6677 -21.41±6.37 11008.6879 41.85±2.57
9891.5356 -0 .2 9 ±  3.63 9150.6788 -20.83±7.99 11008.6939 40.15±2.60
9892.5007 41.05± 4.06 9153.6509 95.30±11.16 11008.7012 44.00±2.78
9892.5087 37.97± 3.87 9153.6702 100.11±9.50 11008.7072 51.42±2.76
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F ig u re  1. Average spectra for the six systems studied in this paper.
T ab le  2. Continued.
HJD - 2440000 RV (km s- 1 ) HJD - 2440000 RV (km s- 1 ) HJD - 2440000 RV (km s- 1 )
WD2009+622 
11008.7131 42.
11008.7190
11093.4111
11093.4748
11093.5206
11093.5673
11094.3644
11094.4819
11094.5644
50
-7 6
-146
-194
-224
-232
-164
-5 0
67±2.73
81±2.59
67±3.14
25±5.21
63±3.10
30±3.29
52±2.78
87±2.82
85±3.58
T ab le  3. List of the orbital periods measured for the four double degenerate systems studied. To, the systemic velocity, y, the radial 
velocity semi-amplitude, K, the reduced x 2 achieved for the best alias, the 2nd best alias and the x 2 difference between the 1st and 2nd 
aliases are also presented. When calculating the x 2 for both aliases we have added in quadrature a systematic error th a t results in a 
reduced x 2 ~1 (see text for details). The number of data  points used to  calculate the orbital period is given in the final column under N.
Object HJD (To) 
-2400000
Period (d) Y (km/s) K (km/s) xleduced 2nd best alias (d) A x 2 N
WD1022+050 51445.262(5) 1.157155(5) 39.05±1.19 74.77±1.16 1.25 8.1580(4) 40 25
WD1428+373 51579.64(1) 1.15674(2) -21.46±1.62 67.90±1.68 1.41 1.22640(1) 42 25
WD1824+040 51108.192(9) 6.26600(5) 47.95±0.40 61.87±0.55 1.24 0.5449639(5) 3064 67
WD2032+188 50947.07(5) 5.0846(3) 35.11±1.52 63.50±1.59 0.66 9.8267(6) 45 25
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F ig u re  3. Each panel presents x 2 versus cycles/day obtained after the period search was carried out. The frequency with the smallest 
x 2 corresponds to  the orbital frequency of the system. For clarity we have also included an inset showing a blow up of the region where 
the best period is. The number of radial velocity measurements used for the period search calculations, n, is shown in each panel.
th e  tw o best periods found. T he  large difference in  x 2 in ­
d icates th a t  th e  second best aliases are n o t plausible. T he 
resu lting  rad ia l velocity  curves (folded in th e  o rb ita l period) 
are p resen ted  in  Fig. 2 and  th e  corresponding  periodogram s 
(x 2 versus o rb ita l frequency) in  Fig. 3. E ach  panel in  th e  
periodogram  includes a blow up  of th e  region in  frequency 
w here th e  m in im um  x 2 is found.
In  each case, we com pute  th e  level of system atic  u n ­
certa in ty  th a t  w hen added  in  q u a d ra tu re  to  our raw  error 
estim ates gives a  reduced  x 2 ~  1 . By doing th is  we are 
considering th e  un -accoun ted  sources of erro r such as tru e  
variability  of th e  s ta r  or slit-filling errors th a t  cause th e  poor 
fits o f a  few stars. Such errors are unlikely to  be correlated  
w ith  e ither th e  o rb it or w ith  th e  s ta tis tic a l errors we esti­
m ate , and  therefore  we add  a  fixed q u an tity  in  q u ad ra tu re  
w ith  our s ta tis tic a l errors as opposed to  applying a  sim ple 
m ultip licative scaling to  them . In  all cases we use a m in i­
m um  value of 2 k m s -1  corresponding to  1/ 10th of a  pixel
w hich we believe to  be a  fair es tim ate  of th e  tru e  lim its of 
our d a ta . T he  las t colum n of T able 4 gives th e  value of sys­
tem atic  u n ce rta in ty  th a t  we have added  in  q u a d ra tu re  in  
each case.
We th e n  ca lcu la te  th e  p robab ility  of th e  tru e  o rb ita l 
periods being fu r th e r th a n  1 and  10 p e r cen t from  th e  values 
we ob ta ined  - see M orales-R ueda e t al. (2003a) and  M arsh, 
D hillon & D uck (1995) for an  exp lana tion  of th e  m ethod  
used to  ca lcu la te  these  p robabilities - and  presen t th em  in 
T able 4.
In  all cases, th e  p robabilities of th e  quo ted  periods being 
w rong are very low and  we are ce rta in  th a t  th e  values given 
in  Table 3 correspond  to  th e  tru e  o rb ita l solution.
In  th e  cases w here th e  p robab ility  of th e  o rb ita l period  
being fu rth e r th a n  1 and  10 p e r cen t from  our favoured value 
is th e  sam e, th e  significant p robab ility  lies w ith in  a very 
sm all range a round  th e  b es t period, w ith  all th e  significant
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T ab le  4. List of probabilities th a t the true orbital period of a 
system lies further than  1 and 10 per cent from our favoured 
value given in Table 3. Numbers quoted are the logarithms in 
base 10 of the probabilities. Column number 4 gives the value of 
the systematic uncertainty th a t has been added in quadrature to  
the raw error to  give a reduced x 2 ~  1.
Object 1% 10% systematic error 
(km s- 1 )
WD1022+050 -7 .66 -7 .69 3
WD1428+373 -9 .59 -13.08 4
WD1824+040 -1 0 0 0 -1 0 0 0 2
WD2032+188 -9 .89 -9 .90 2
T ab le  5. The mass functions, f m , of the unseen components to ­
gether with the larger lower limits obtained by assuming i = 90° 
and by substituting in the mass function equation our determi­
nation of the mass of the brighter component, M 1.
Object fm (M 0 ) M 1(M0 ) M 2(M0 ) 
lower limit
WD1022+050 0.050 0.389 0.283
WD1428+373 0.038 0.348 0.233
WD1824+040 0.154 0.428 0.515
WD2032+188 0.135 0.406 0.469
com petition  (i.e. n ex t best alias) placed ou ts ide  th e  10 per 
cen t region a round  th e  best alias.
3.2.1 The unseen component o f the binary
B y know ing th e  rad ia l velocity  sem iam plitude  of one of th e  
com ponents of th e  b inary  (the  observable com ponen t), K , 
and  th e  o rb ita l period  of th e  system , we can  th e n  calcu late  
th e  m ass function  of th e  unseen  com ponent by using:
fm =
M 23 sin3 i P K 1
(M 1 +  M 2)2 2nG
(1)
w here th e  subscrip ts “1” and  “2” refer to  th e  b righ te r and 
th e  d im m er com ponents respectively. T he  m ass function  is 
th e  lower lim it of th e  m ass of th e  unseen  com ponent. T a­
ble 5 gives th e  m ass functions of th e  unseen  com ponents 
for th e  four D D s stud ied . In  tw o cases (W D 1824+040 and 
W D 2032+188) th e  com pan ion’s m ass function  is g rea ter 
th a n  0 .1M 0  w hich corresponds to  th e  m ass of a la te  M  dw arf 
if it is a  m ain  sequence s ta r. T he  m asses of th e  b righ te r com ­
po nen ts  of th e  system s have been  m easured  by fitting  th e ir 
hydrogen  line profiles to  ste llar a tm osphere  m odels using th e  
track s by A lthaus & B envenuto  (1997) and  can  be su b sti­
tu te d , to ge ther w ith  th e  assum ption  of th e  o rb ita l inclina­
tio n  of th e  system  being 90° , in  th e  m ass function  equa tion  
to  give a  larger lower lim it for th e  m asses of th e  unseen 
com ponents. T hese revised lower lim its (also p resen ted  in  
T able 5) are all g rea te r th a n  0 .1M 0  w hich ind ica tes th a t  
th e  unseen com panions canno t be  m ain  sequence s ta rs  b e ­
cause if th ey  were we should  be  able to  d e tec t th em  (M arsh 
et al. 1995). T he  unseen  com panions m ust therefore  be also 
com pact ob jects, p robab ly  w hite  dwarfs.
We searched for th e  s igna tu re  of th e  fain t com panions 
by shifting  ou t th e  fitted  rad ia l velocity for each b inary
and  th e n  looking for differences in  th e  line profiles a t th e  
q u a d ra tu re  phases (M arsh  e t al. 1995), i.e. 0.25 and  0.75. 
T he sp ec tra  a t q u a d ra tu re  phases were o b ta ined  by aver­
aging th e  sp ec tra  con tained  in two separa te  phase ranges,
i.e. th e  sp ec tra  in  th e  range from  0.1 to  0.4 were averaged 
to  o b ta in  th e  phase 0.25 spec trum , and  th e  sp ec tra  in  th e  
range from  0.6 to  0.9 to  o b ta in  th e  phase 0.75 spectrum . T he 
resu lts are p lo tted  in  Fig. 4. A ny co n trib u tio n  from  th e  com ­
pan ion  w hite  dw arf should be seen as an  asym m etry  in  th e  
line profile a t phase 0.25 th a t  is m irro red  a t phase 0.75 w ith  
respect to  th e  rest w avelength (M arsh  e t al. 1995). N one of 
th e  four system s show a clear asym m etry  of th is  ty p e  in  th e  
line profiles.
A second te s t th a t  can  be carried  o u t to  look for th e  
fain t com panion  consists in  sh ifting  o u t th e  fitted  rad ia l ve­
locity off th e  sp ec tra  and  crea ting  a m ean  sp ec tru m  by com ­
bining all th e  sh ifted  spectra , su b trac tin g  th is  m ean  spec­
tru m  from  th e  ind iv idual sh ifted  ones and  p lo ttin g  th e  re­
su lting  sp ec tra  in  a stack  or tra il. T h is aids th e  eye to  iden­
tify any leftover abso rp tion  m oving w ith  th e  b inary  o rb it. A 
D oppler m ap  (M arsh  & H orne 1988) can  also be  com puted  
from  these stack  of spectra . A ny o rb ita l m otion  leftover in  
th e  sp ec tra  w ould app ea r in th e  m aps as a sm all abso rp tion  
region located  in th e  Vx = 0  axis of th e  velocity m ap . We do 
no t find any ind ica tion  of th e  presence of th e  unseen  com ­
ponen t in  e ither tra ils  or D oppler m aps in  any of th e  four 
system s stud ied .
3.2.2 How fa in t is the unseen companion?
We explore th e  question  of how sm all th e  co n trib u tio n  of 
th e  fain t com ponent of th e  system  has to  be  so as n o t to  
be de tec ted  using th e  m ethods discussed in  th e  previous 
section.
To answ er th is  question  we c rea te  syn thetic  sp ec tra  th a t 
include th e  abso rp tion  corresponding to  th e  b rig h te r com po­
nen t of th e  system  (in th e  form  of th ree  G aussians), scaled 
to  th e  m easured  value for each system , p lus som e ex tra  ab ­
so rp tion  m oving opposite  to  it  (also rep resen ted  by th ree  
G aussians) and  determ ine  for w hat percen tage  of brightness, 
rela tive to  th e  b rig h t com ponent, we should  be  able to  detec t 
th e  fain t com ponent by looking a t th e  sp ec tra  a round  th e  
q u a d ra tu re  phases (M arsh  e t al. 1995). T h is  m eth o d  assum es 
th a t  th e  com panion s ta rs  have a sp ec tru m  sim ilar to  th a t  of 
th e  b righ te r com ponent. A lthough  th e  fa in ter w hite dw arf is 
cooler and  its  H a  line will be  less deep in  its  spec trum , th is  
seem s like a  reasonable  assum ption  as th e  com panions are 
also w hite dw arfs, unless of course th ey  are n o t DA w hite 
dwarfs.
In  th e  case of W D 1022+050 we find th a t  th e  b rig h t­
ness of th e  com panion m ust be less th a n  10 p er cen t th e  
brigh tness of th e  b rig h t com ponent for us n o t to  d e tec t it. 
T he  values we find for W D 1428+373, W D 1824+040, and 
W D 2032+188 are 9 p e r cen t, 23 per cent and  17 p e r cent 
respectively. T hese values tra n s la te  in to  m agn itudes for th e  
com panions, in  th e  6400-6700A  region, th a t  are respectively 
2.5, 2.6, 1.6 and  1.9 fa in ter th a n  th a t  of th e  b rig h t com ­
ponents. U sing th e  ca lcu la ted  abso lu te  V  m agn itudes for 
th e  b righ t com ponents (10.68, 10.35, 10.83 and  10.24, see 
th e  D iscussion Section) and  th e  b ro ad b an d  colour indices 
for pu re  hydrogen  and  log g =  8 ste lla r a tm osphere  m odels 
com pu ted  by B ergeron, W esem ael & B eaucham p (1995), we
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F ig u re  4. The spectra averaged around the quadrature phases for the four systems studied. In each case, the lower spectrum corresponds 
to  quadrature phase 0.25 and the top one to  phase 0.75. There is no clear asymmetry in the line profile a t phase 0.25 th a t gets mirrored 
in phase 0.75 for any of the systems. This indicates th a t we cannot detect the faint companion of the systems.
o b ta in  u p p er lim its for th e  abso lu te  R  m agn itudes of th e  
fain t com ponents of 13.3, 13.0, 12.5 and  12.2 respectively.
3.3 Two w hite dw arf/M  dwarf binaries
In  th e  case of W D 1 0 4 2 -690 (aka B P M  6502) and  
W D 2009+622 th e  sp ec tra  are com posed of abso rp tion  lines 
th a t  have th e ir  origin in th e  w hite  dw arf p lus em ission cores 
th a t  have th e ir  origin in  th e  M  dw arf. T h is  e x tra  em ission 
com ponent m akes th e  m easuring  of th e  rad ia l velocities m ore 
com plicated , as th e  abso rp tion  com ing from  th e  w hite  dw arf 
has its  core filled by th e  M  dw arf em ission. A way to  m ea­
sure sim ultaneously  th e  rad ia l velocities of b o th  com ponents 
is to  use least squares fitting  of a m odel line profile as in  th e  
previous case b u t th is  tim e using a  m odel line profile th a t  
is th e  sum  of four G aussian  profiles. T h ree  of th e  G aussians 
fit th e  ab so rp tion  com ponent and  one fits th e  emission. T he 
steps followed to  carry  ou t these com plex fits consisted  of: 1) 
fitting  only th e  em ission lines w ith  a single G aussian  func­
tion  and  ob ta in ing  th e  rad ia l velocities associated  to  th e  
em ission line for each spec trum , 2 ) ca lcu lating  th e  o rb ita l 
so lu tion  for th e  em ission lines by m eans of ob ta in ing  a peri- 
odogram  from  th e  rad ia l velocities m easured , 3) using th is
o rb ita l so lu tion  to  fix th e  o rb it of th e  th ree  G aussians th a t 
will fit th e  abso rp tion  com ponent of th e  lines and  4) o b ta in ­
ing th e  rad ia l velocity sem iam plitude  and  system ic velocity 
for th e  w hite dw arf by fitting  all th e  sp ec tra  sim ultaneously  
w ith  one em ission and  th ree  abso rp tion  G aussians.
T h is m eth o d  was easily applicable to  W D 2009+622 as 
th e  em ission com ing from  th e  M  dw arf is com parab le  to  th e  
H a  abso rp tion  core (see Fig. 1). In  th e  case of W D 1 0 4 2 -690 
th e  em ission com ponent is very strong  com pared w ith  th e  
abso rp tion  core m aking th e  fitting  of th e  d a ta  m ore difficult 
and  th e  resu lts o b ta ined  less accurate . For W D 1 0 4 2 -690 we 
find 7 very close aliases w ith  very sim ilar values of x 2. T a­
ble 6 gives a list of th e  o rb ita l so lu tions for th e  7 aliases. 
T he solu tions for K 2, y 2, K i and  71 are consisten t w ith in  
th e  errors for all aliases. P rev ious s tud ies of W D 1 0 4 2 -690 
(K awka e t al. 2000) resu lt in  an  o rb it so lu tion  in  w hich th e  
o rb ita l period  is consisten t w ith  our alias num ber 3 and  th e  
values for K 2, y 2, K 1 and  y 1 are consisten t w ith  those  from  
our 7 aliases. In  T able 7 we presen t th e  o rb ita l so lu tions for 
W D 1 0 4 2 -690 and  W D 2009+622. T he  resu lts p resen ted  for 
W D 1 0 4 2 -690 correspond  to  th e  first alias show n in T able 6 . 
In  Fig. 5 we p lo t th e  rad ia l velocities m easured  for th e  em is­
sion and  abso rp tion  com ponents to g e th e r w ith  th e  b es t fits
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Orbital phase
F ig u re  5. Orbital solution for W D 1042-690 and WD2009+622. Included in each panel is a plot of the residuals to  the fit to  the emission 
line component. The vertical scale on which the residuals have been plotted is larger than  the scale on which the radial velocities are 
plotted.
T ab le  6 . O rbital solution for the 7 aliases found for 
W D1042-690.
P (d) To
-2450000
Y2 K 2 x 2A2red
0.337083(1) 335.5553(7) 7.93±0.58 69.31±0.69 0.65
0.337380(1) 335.7239(7) 7.83±0.58 69.24±0.69 0.74
0.336786(1) 335.7239(7) 8.03±0.58 69.38±0.69 0.75
0.337678(1) 335.5550(7) 7.73±0.58 69.16±0.69 1.01
0.336490(1) 335.5557(7) 8.14±0.58 69.44±0.70 1.03
0.337977(1) 335.7238(7) 7.64±0.58 69.07±0.68 1.47
0.336194(1) 335.7240(7) 8.26±0.58 69.49±0.70 1.48
T ab le  7. List of the orbital periods measured for the two white 
dwarf-M dwarf systems studied. To, the systemic velocity, y, the 
radial velocity semi-amplitude, K, for both the white dwarf and 
the M dwarf, and the reduced x 2 achieved for the best alias are 
given The number of data points used to calculate the orbital 
period is also given.
W D 1042-690 WD2009+622
N
p  (d)
T o (d) -
K w d  (k m s 1) 
YWD (k m s- 1 ) 
Km (k m s- 1 ) 
YM (k m s- 1 )
x 2r ed 
q= M M /M w d
20
0.337083(1)
31/27
0.741226(2)
2450335.5553(7) 2450491.920(1)
-15.43±1.07
44.08±0.75
69.31±0.69
7.92±0.58
0.65
0.223±0.018
-43.81±2.11
-64.38±1.80
144.72±1.27
-90.58±0.94
1.12
0.303±0.017
given in  T able 7. T he  erro r bars in  th e  rad ia l velocities are 
sm aller th a n  th e  size of th e  sym bols used  to  p lo t th e  d a ta . 
N otice th a t  th e re  are 4 ex tra  po in ts  in  th e  fit to  th e  rad ia l 
velocity of th e  M  dw arf for W D 2009+622. T h is  accounts 
for th e  4 h igh reso lu tion  sp ec tra  tak en  w ith  U ES th a t  only 
covered th e  core of th e  H a  line.
3.3.1 The M  dwarf companions
We b inned  th e  sp ec tra  for b o th  b inary  system s in to  10 phase 
b ins and  p lo tted  th em  in Fig. 6 as a  stack  of sp ec tra  w ith  
o rb ita l phase in  th e  vertical axis. T he  advantage of p resen t­
ing th e  sp ec tra  in  th is  way is th a t  we can  explore th e  line 
flux variations during  an  o rb it. In  th e  case of W D 1 0 4 2 -690
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F ig u re  6 . Trailed phase binned spectra for W D 1042-690 and WD2009+622. The orbit is plotted twice. The variable brightness in the 
emission line component, coming from the M dwarf companion, is clear in WD2009+622.
0.0 0.5 1.0 1.5 2.0
Orb ita l phase
F ig u re  7. Flux modulation seen on the emission from the M 
dwarf component o fW D 1042-690 (top) and WD2009+622 (bot­
tom).
th e  s tren g th  of th e  em ission line does no t vary  significantly 
w ith  o rb ita l phase. T h is  is n o t th e  case for W D 2009+622 
w here th e  line flux increases a t o rb ita l phases a round  0.5. 
T h is  phase corresponds to  th e  w hite dw arf and  th e  M  dw arf 
being aligned w ith  th e  line of sight, th e  w hite dw arf being 
closer to  us. A t th is  phase we are looking to  th e  hea ted  face 
of th e  M  dwarf.
To d eterm ine  how th e  line flux varies w ith  phase, we 
fitted  th e  line profiles once m ore w ith  four G aussians, th ree
WD1042-690
- i  \  + -  
- t  + * " * -  i :
2 4 6 8 1136 1138 1140 1142 1144 
Orbital ph ase  Orbital phase  
W D2009+622
- + +
♦  *
<
°  0 2 4  6 1506  1508  1 5 1 0 1 6 2 4  162 4 .5  1625 162 5 .5  1626 
O rb ita l  p h a s e  O rb ita l  p h a s e  O rb ita l  p h a s e
F ig u re  8 . Flux modulation seen on the emission from the M 
dwarf component o fW D 1042-690 (top) and WD2009+622 (bot­
tom). This tim e the data has not been folded in the orbital period.
for th e  abso rp tion  com ponent and  one for th e  em ission com ­
ponen t b u t th is  tim e we allowed th e  heigh t of th e  em ission 
com ponent to  vary. T he  resu lts  are displayed in  Fig. 7. T he 
varia tion  in  flux is very significant in  W D 2009+622 and  as 
we m en tioned  earlier it  can  be explained w ith  em ission com ­
ing from  th e  irrad ia ted  face of th e  M  dw arf, th e  side facing 
th e  w hite dw arf. T h is  has im p o rtan t consequences for th e  
calcu lation  of th e  m ass of th e  w hite  dw arf carried  o u t in  
th e  following sections as we have to  account for d is to rtions 
on th e  M  dw arf to  correct its  rad ia l velocity sem iam plitude. 
W hen  th e  com panion is heavily ir rad ia ted  th e  em ission line
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used to  m easure its  rad ia l velocity will give us th e  value asso­
c ia ted  w ith  th e  ir rad ia ted  face, no t th e  value for th e  cen tre  of 
m ass of th e  com panion. M ax ted  e t al. (1998) find th a t  p ro b ­
ably as a  resu lt of op tica l d e p th  effects, B alm er em ission 
lines induced  by irrad ia tio n  are significantly  b roadened  ren ­
dering  m easurem en ts of rad ia l velocities from  fitting  these 
lines m ore inaccurate .
In  th e  case of W D 1 0 4 2 -690, th e re  is also som e flux 
m odu la tion  presen t a t a  fa in ter level b u t peak ing  a t phase 
0.6 ra th e r  th a n  phase 0.5. T h is is p robab ly  associated  to  
chrom ospheric ac tiv ity  of th e  M  dw arf ra th e r  th a n  irrad ia ­
tion . To m ake sure  th a t  th is  variab ility  is no t o rb ita l we have 
also p lo tted  th e  flux of th e  em ission com ponent versus u n ­
folded o rb ita l phase in  Fig. 8 . W ee see th a t  for W D 1 0 4 2 -690 
th e  variab ility  observed is no t phase dep en d en t im plying 
th a t  is in trinsic  to  th e  M  dw arf, p robab ly  chrom ospheric. In  
th e  case o f W D 2009+622 th e  variability  observed is larger 
and  it peaks a t phase 0.5 confirm ing th a t  it is due to  irrad i­
a tion  of th e  inner face o f th e  M  dw arf by th e  w hite  dwarf.
T ab le  8 . Summary of the param eters for W D 1042-690 and 
WD2009+622. BA indicates Benvenuto & Althaus (1998). See 
text for explanations on the different values given.
Param eter white dwarf M dwarf
W D 1042-690
fm (Mq ) 0.0116(2) 0.00013(1)
M(Mq ) from Eq 2 0.0174(9) 0.0039(4)
M(Mq ) from q 0.75(5)/0.78(5) 0.1665(5)/0.1735(5)
M(Mq ) from BA 0.75(7)/0.78(7)
m (Mq ) if CO WD 0.72
i (°) 16
WD2009+622
fm ( M Q  ) 0.233(4) 0.0065(5)
M(Mq ) from Eq 2 0.40(3) 0 .12(2)
M(Mq ) from q 0.61(3)/0.64(3) 0.1845(5)/0.1925(5)
M(Mq ) from BA 0.61(3)/0.64(3)
m (m q ) if CO WD 0.59
i ( ° ) 60/59
3.3.2 The masses o f the components
O nce th e  rad ia l velocity sem iam plitudes for b o th  com po­
nen ts  have been  m easured , toge ther w ith  th e  o rb ita l period  
we can  use Eq. 1 to  o b ta in  th e  m ass function  for th e  w hite 
dw arf and  th e  M  dw arf in  each case. If  we com bine Eq. 1 
w ith  q =  M m /M w d  =  K w d / K m  we o b ta in  larger lower 
lim its for th e  m asses of b o th  com ponents:
M w d  =
P K m (K w d  +  K m )2
27tG sin3 i ’ 
P K w d (K w d  +  K m  ) 2M m  =  _ (2)
2tvG sin i V ;
T he  ac tu a l m ass of th e  w hite  dw arf can  be  determ ined  
from  th e  g rav ita tio n a l redsh ift and  th e  m ass-rad ius re la tion ­
ship for w hite  dw arfs (A lthaus & B envenuto  1997). F irs t we 
ca lcu la te  th e  difference in system ic velocities for b o th  sys­
tem  com ponents (yw d  — y m ). We m ust th e n  add  corrections 
for (i) th e  redsh ift of th e  M  dw arf, G M m / R m  c, w here th e  
rad ius of th e  M  dw arf has been  ca lcu lated  by using th e  m ass- 
rad ius re la tionsh ip  given by C aillau lt & P a tte rso n  (1990):
log R /R q =  0.796 log M /M q — 0.037,
(ii) th e  difference in  transverse  D oppler sh ifts of b o th  com ­
ponents:
(K m  — K W d ) / 2c s in 2 i,
(iii) th e  p o ten tia l a t th e  M  dw arf p roduced  by th e  w hite 
dwarf:
G M w d  /  ac,
(iv) and  th e  p o ten tia l a t th e  w hite dw arf due to  th e  M  dwarf: 
G M m / ac,
w here a is th e  d is tance  betw een b o th  stars. T he  m ass of 
th e  w hite dw arf is th e n  ca lcu la ted  by com paring  th e  re su lt­
ing g rav ita tio n a l redsh ift w ith  m odels for low m ass helium  
w hite dw arfs (A lthaus & B envenuto  1997; B envenuto  & A l­
th a u s  1998). T he  inclination  of th e  system  can  th e n  be cal­
cu la ted  by using Eq. 2.
In  order to  ca lcu la te  th e  corrections to  th e  w hite d w arf’s
g rav ita tio n a l redsh ift we h ad  to  assum e a  value for th e  m ass 
of th e  M  dw arf. W e perform ed several ite ra tio n s  of these 
calcu lations u n til we o b ta ined  consisten t values for all th e  
param eters. T h is m ethod  has been  used previously (M arsh 
& D uck 1996; M axted  e t al. 1998) to  o b ta in  th e  m asses of 
b o th  com ponents in  pre-C V  system s. T he  resu lts  ob ta ined  
a fter these ite ra tio n s are p resen ted  in  T able 8 .
We chose as th e  b es t es tim ates  for th e  corrections de­
scribed above and  th e  final p a ram ete rs  of th e  ite ra tions, 
those  th a t  resu lted  in  a  m ass for th e  w hite dw arf th a t  was 
closer to  th a t  ca lcu la ted  by B envenuto  & A lthaus (1998). A 
m inim um  value for th e  m asses of th e  com ponents was found 
w hen we assum ed a helium  core w hite dw arf, w ith  m etallic- 
ity  Z =  0.001 and  an  o u te r hydrogen envelope of fractional 
m ass (i.e. m ass of en v e lo p e /to ta l m ass of th e  s ta r) 10- 8 . We 
assum ed a  T eff =  21380 K and  25870 K for W D 1042—690 
and  W D 2009+622 respectively (B ragaglia, R enzini & B erg­
eron 1995; B ergeron, Saffer & L iebert. 1992). A m axim um  
value was found if in s tead  we assum ed th a t  th e  fractional 
m ass of th e  o u te r hydrogen envelope was 4 x  10-4  in  th e  case 
of W D 1042—690 and  2 x 1 0 - 4  in  th e  case of W D 2009+622. 
T he  m inim um  and  m axim um  values found for th e  m asses 
are  given in  T able 8 .
For W D 1042—690, j WD — j M is 36.16±2.72 k m s - 1 . Af­
te r  ite ra tin g  for different values for th e  m ass of th e  M  dw arf 
we find th a t  if M m is 0.166 - 0.167 M q th e  corrections i, ii, 
iii and  iv are respectively  0.48, 0.09, 0.24 and  —0.05 k m s - 1 , 
giving a value for th e  w hite dw arf redsh ift of 36.92 k m s - 1 . 
If, on th e  o th e r han d , M m is 0.173 - 0.174 M q  th e  correc­
tions are respectively  0.48, 0.10, 0.25, —0.05 k m s - 1 , giving 
a  value for th e  w hite  dw arf redsh ift of 36.93 k m s - 1 .
For W D 2009+622, j WD — j M is 2 6 .2 0 ± 0 .7 8 k m s- 1 . For 
a  m ass for th e  M m =  0.184 - 0.185 M q or betw een 0.192 - 
0.193 M q , th e  values for i, ii, iii, and  iv are 0.49, 0.04, 0.12 
and  —0.04 k m s - 1 , giving 26.82 k m s -1  for th e  w hite dw arf 
redshift.
If  a  carbon-oxygen  core w hite dw arf w ith  m etallic ity  
Z = 0  and  a hydrogen  envelope of frac tional m ass 10-4  is 
assum ed in stead , th e  values o b ta ined  for th e  m asses of th e  
w hite  dw arf are 0.72 and  0.59 M q  for W D 1042—690 and  
W D 2009+622 respectively.
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T ab le  9. New values for the M dwarf param eters depending on its filling factor ƒ for WD2009+622. R m cp  is the radius calculated from 
the equation of Caillault & Patterson (1990) given in Section 3.3.2. A range of values for several param eters are given. These are the 
result of assuming two different masses for the outer hydrogen envelope of the white dwarf. See text for details.
f k m  q m m i a r m r m cp
km s 1 M© O R© R© R©
0.0 144.72 0.30 0.184 - 0.192 60 -  59 3.191 -  3.234 0.0 0.239 -  0.247
0.1 149.95 0.29 0.178 - 0.185 63 -  62 3.182 -  3.225 0.085 -  0.087 0.233 -  0.240
0.2 155.58 0.28 0.172 - 0.179 67 -  65 3.173 -  3.216 0.171 -  0.173 0.226 -  0.233
0.3 161.64 0.27 0.165 - 0.172 72 -  70 3.165 -  3.207 0.256 -  0.260 0.219 -  0.226
0.4 168.20 0.26 0.159 - 0.165 80 -  76 3.156 -  3.198 0.342 -  0.346 0.212 -  0.219
0.5 175.30 0.25 0.152 - 0.159 79 -  84 3.147 -  3.190 0.427 -  0.433 0.205 -  0.212
0.6 183.04 0.24 0.146 - 0.152 72 -  74 3.138 -  3.180 0.513 -  0.520 0.199 -  0.205
0.7 191.49 0.23 0.140 - 0.145 67 -  69 3.129 -  3.171 0.598 -  0.606 0.192 -  0.198
0.8 200.76 0.22 0.133 - 0.139 64 -  65 3.120 -  3.162 0.684 -  0.693 0.184 -  0.190
0.9 210.97 0.21 0.127 - 0.132 61 -  62 3.111 -  3.153 0.769 -  0.780 0.177 -  0.183
1.0 222.28 0.20 0.120 - 0.125 59 -  59 3.102 -  3.144 0.855 -  0.866 0.170 -  0.176
T he  m asses o b ta ined  for b o th  w hite dw arfs are u n ­
usually  h igh ind ica ting  th a t  th e  s ta r  p robab ly  reached th e  
asym pto tic  g ian t b ran ch  (AGB) in  its  evolution. T he  in i­
tia l b inaries m ust have been  very w ide in  order for th is  to  
happen . W e notice th a t  th e  m asses ca lcu lated  here differ sig­
nificantly  from  those  given in  Section. 4, m easured  by fitting  
th e  line profiles to  ste llar a tm osphere  m odels. T h is  d iscrep­
ancy suggests th a t  th e  redsh ift m easurem ents m ay n o t be 
reliable, p e rh ap s no t surprising  given th e  difficulty of sepa­
ra tin g  th e  M  s ta r  em ission from  th e  w hite  dw arf absorp tion . 
M easurem ents of th e  w hite dw arf a t U V  w avelengths w ould 
be helpful.
As m entioned  in  Section 3.3.1, th e  flux m odu la tion  seen 
in Fig. 7 for W D 2009+622 ind ica tes th a t  th e  M  dw arf com ­
pan ion  is strongly  irrad ia ted  and  therefore  th e  value m ea­
sured  for K M is p robab ly  a lower lim it for th e  tru e  rad ia l 
velocity sem iam plitude. T h is im plies th a t  th e  M  dw arf m ass 
and  inclination  given in  T able 8 are u p p er and  lower lim its 
respectively. To ca lcu la te  how d is to rted  th e  M  dw arf is, we 
calcu late  how m uch th e  rad ia l velocity  sem iam plitude  of th e  
com panion changes as a function  of its  rad ius and  how its 
m ass and  inc lina tion  are affected. W e p resen t th e  resu lts  in  
Table 9. T he  rad iu s of th e  M  dw arf is given in  te rm s of a  lin ­
ear filling fraction , f , defined as th e  ra tio  of th e  ste llar rad ius 
m easured  from  th e  cen tre  of m ass to  th e  inner L agrangian  
po in t. A value of f  =  1 im plies th a t  th e  M  dw arf fills its 
Roche lobe. For these  calculations we have tak en  M w d =  
0.61 and  0.64 M q (the  m axim um  and  m inim um  values cal­
cu la ted  above) and  K WD =  —43.81 k m s - 1 . If th e  M  s ta r 
does n o t dev ia te  too  far from  th e  m ain  sequence we expect 
it to  fill a t least 0.4 of its  R oche lobe w hich tran sla te s  in to  a 
tru e  rad ia l velocity sem iam plitude  in  th e  range 168 <  K M <  
222 k m s - 1 , and  a m ass betw een 0.120 <  M m <  0.165 M q.
3.3.3 The masses o f the M  dwarf companions
A n independen t estim ate  of th e  m asses of th e  M  ty p e  com ­
panions can  be  done from  th e ir  abso lu te  in frared  m agni­
tudes. A lthough  th e  w hite dw arfs dom ina te  th e  flux in  th e  
op tica l range in  b o th  system s, th ey  p roduce only a m inor 
frac tion  of th e  in frared  lum inosity. T he  d istances of th e  
system s were com puted  from  th e  p aram eters  of th e  w hite 
dw arfs given in  Section 4. Since th e  flux co n trib u tio n  of th e  
M  dw arfs in  th e  b lue p a r t  of th e  spectra , used for th e  m odel
atm osphere fits, is very sm all, we do no t expect system atic  
effects caused by spec tra l con tam ination .
J , H, and  K m agn itudes were retrieved  from  th e  2MASS 
po in t source catalogue. We com puted  th e  w hite d w arf’s con­
tr ib u tio n  using th e  colour ca lib ra tion  of B ergeron e t al.
(1995) and  su b trac te d  it from  th e  observed fluxes. C orrec­
tions are sm all for W D 1 0 4 2 -690 and  do no t exceed 25% 
(10%) for th e  J  (K) b an d  flux of W D 2009+622. Finally, 
th e  M  dw arf m asses were com puted  from  th e  ca lib ra tion  
of H enry  & M cC arthy  (1993). R esu lts are listed  in  T a­
ble 10. O ur erro r estim ates include pho tom etric  errors and 
d is tance  un certa in ties  resu lting  from  th e  sp ec tra l analysis of 
th e  w hite dw arf. W e adop ted  N apiw otzki, G reen & Saffer’s 
(1999) estim ates  for th e  ex te rna l fit errors.
For b o th  system s, th e  value ob ta ined  for th e  m ass of 
th e  M  dw arf com panion from  its  in frared  m agn itudes is in  
agreem ent w ith  th a t  ob ta ined  from  th e  sp ec tra l analysis in  
section  3.3.2. In  th e  case of W D 2009+622, th e  revised m ass 
after tak ing  in to  account heating  by th e  w hite  dw arf is con­
sidered.
4 D ISC U SSIO N
T able 11 gives a  list of all th e  detached  w hite-dw arf b inaries 
w ith  know n o rb its  know n up  to  now. M ost values have been  
tak en  from  R itte r  & K olb (2003). T he  6 system s discussed 
in  th is  p ap e r are also included.
L iebert, B ergeron & H olberg (2005), B ergeron e t al. 
(1992) and  B ragaglia  e t al. (1995) o b ta in  th e  tem p era tu res  
and  gravities for th e  system s stud ied  in  th is  paper. T heir 
values, to g e th e r w ith  our de te rm in a tio n  for th e  m asses of 
th e  w hite dw arf, are given in  Table. 12.
Fig. 9 p resen ts th e  theo re tica l m ass versus o rb ita l p e ­
riod  d is tr ib u tio n  for D D s from  th e  po p u la tio n  m odel as de­
scribed in  N elem ans e t al. (2004). T he  four D D s discussed 
in  th is  p ap e r are p lo tted  over th e  theo re tica l d is trib u tio n  
and  fall righ t in th e  expected  range of values according to  
N elem ans e t al. (2004).
T he  d irec t p rogen ito rs of th e  double w hite  dw arf b in a ­
ries (g iant p lus w hite dw arf) could have h ad  a  w ide variety  
of m asses and  periods, leading to  inferred  efficiencies of th e  
C E th a t  are poorly  constra ined  (see N elem ans & T ou t 2004, 
fig. 5).
We calcu la ted  th e  possible p rogenito r system s of th e
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T ab le  10. Infrared properties and mass estimates for the M dwarf companions.
dist (pc) M j Mh Mk M /M q
W D 1042-690 34.8±2.5 8.71±0.16 8.18±0.16 7.85±0.16 0.169±0.010
WD2009+622 115±9 9.28±0.18 8.80±0.18 8.39±0.18 0.136±0.009
T ab le  11. List of all the detached white dwarf binaries with known orbital periods (given in days). The type of binary is also given where 
WD =  white dwarf; M =  M dwarf; sdO /sdB =  O /B  subdwarf; ? =  uncertain. * indicates periods measured in this paper. References for 
the orbital periods not measured in this paper are (a) Bragaglia, Greggio & Renzini 1990, (b) Koen, Orosz & Wade 1998, (c) Orosz & 
Wade 1999, (d) Maxted et al. 2000a, (e) Morales-Rueda et al. 2003a, (f) Maxted et al. 2000b, (g) Marsh 1995, (h) Marsh et al. 1995, (i) 
Moran et al. 1999, (j) Saffer, Livio & Yungelson 1998, (k) Napiwotzki et al. 2002, (m) Maxted, Marsh & Moran 2002, (n) Holberg et al. 
1995, (o) Drechsel et al. 2001, (p) Kilkenny et al. 1998, (q) Maxted et al. 1998, (r) Wood & Saffer 1999, (s) Orosz et al. 1999 (t) Bruch & 
Diaz 1998, (u) Gizis 1998, (v) Wood, Harmer & Lockley 1999 (w) Delfosse et al. 1999 (x) Napiwotzki et al. 2001, (y) Maxted et al. 2000c, 
(z) Saffer, Liebert & Olszewski 1988, (aa) Heber et al. 2003, (ab) Karl et al. 2003, (ac) O ’Donoghue et al. 2003, (ad) Maxted et al. 2002, 
(ae) Hillwig et al. 2002, (af) Maxted et al. 2004, (ag) Kawka et al. 2000, (ah) Kawka et al. 2002, (ai) Saffer et al. 1993, (aj) O’Brien, 
Bond & Sion 2001, (ak) Sing et al. 2004, (al) Moran, Marsh & Bragaglia 1997, (am) Morales-Rueda et al. 2003b, (an) Edelmann, Heber 
& Napiwotzki 2002, (ao) Napiwotzki et al. 2004, (ap) Fuhrmeister & Schmitt 2003, (aq) O ’Toole, Heber & Benjamin 2004, (ar) Robb
& Greimel 1997, (as) Heber et al. 2004, (at) Raymond et al. 2003, (au) Gansicke et al. 2004, (av) Wood, Robinson & Zhang 1995, (aw) 
Bruch, Vaz & Diaz 2001, (ax) Pigulski & Michalska 2002, (ay) Shimansky, Borisov & Shimanskaya 2003, (az) Rauch & Werner 2003, 
(ba) Chen et al. 1995, (bb) Green, Richstone & Schmidt 1978, (bc) Landolt & Drilling 1986, (bd) Bell, Pollacco & Hilditch 1994, (be) 
Pollacco & Bell 1994, (bf) Lanning & Pesch 1981, (bg) Bleach et al. 2002, (bh) Vennes & Thorstensen 1994.
WD, sdOB +  WD 
Object P orb Type Ref.
WD, sdOB +  M 
Object P orb Type Ref.
sdOB +  ? 
Object P orb Ref.
W D 0957-666 0.061 W D /W D a, al PG 1017-086 0.073 sdB/M m H E0532-4503 0.266 ao
KPD0422+5421 0.090 sdB/W D b, c HS0705+6700 0.096 W D/M o PG1528+104 0.331 am
KPD1930+2752 0.095 sdB/W D d PG1336-018 0.101 sdB/M p KPD1946+4340 0.404 e
PG1043+760 0.120 sdB/W D e GD448 0.103 w d / m q HE0929-0424 0.440 ao
PG1101+364 0.145 w d / w d g MT Ser 0.113 sdO/M aw HE1318-2111 0.487 ao
WD1704+481 0.145 w d / w d f HW Vir 0.117 sdB/M r PG1743+477 0.515 e
WD2331+290 0.166 w d / w d h HS2237+8154 0.124 w d / m au PG0001+275 0.528 an
PG1432+159 0.225 sdB/W D i NN Ser 0.130 w d / m ax PG1519+640 0.539 am
PG2345+318 0.241 sdB/W D i EC13471-1258 0.151 w d / m ac HE1059-2735 0.556 ao
HE2209-1444 0.277 w d / w d ab J1129+6637 0.171 w d / m at PG1725+252 0.601 e
PG1101+249 0.354 sdB/W D j, i HS2333+3927 0.172 sdB/M as PG1247+554 0.603 d
Feige 48 0.376 sdB/W D aq GD245 0.174 w d / m ay HD188112 0.607 aa
HE1414-0848 0.518 w d / w d k BPM71214 0.202 w d / m ah PG1627+017 0.829 e
PG0101+039 0.570 sdB/W D i PG1329+159 0.250 sdB/M e PG1230+052 0.837 am
PG1248+164 0.732 sdB/W D e PG1224+309 0.259 w d / m s HE2135-3749 0.924 ao
PG0849+319 0.745 sdB/W D e AA Dor 0.261 sdO/M az PG0133+144 1.238 e, an
PG1116+301 0.856 sdB/W D e WD2154+408 0.268 w d / m ae PG1512+244 1.270 e
PG0918+029 0.877 sdB/W D e CC Cet 0.287 w d / m ai UVO1735+22 1.278 an
WD1713+332 1.123 w d / w d h RR Cae 0.304 w d / m t HE2150-0238 1.322 ao
WD1428+373 1.143 w d / w d * TW  Crv 0.328 sdO/M ba KPD2040+3955 1.483 am
WD1022+050 1.157 w d / w d * W D1042-690 0.336 w d / m *, ag HD171858 1.529 e
HE1047-0436 1.213 sdB/W D x GK Vir 0.344 w d / m bb PG1716+426 1.777 e
WD0136+768 1.407 w d / w d m KV Vel 0.357 w d / m bc PG1300+279 2.259 e
Feige55 1.493 w d / w d n RXJ1326+4532 0.364 w d / m ar KPD0025+5402 3.571 e
L870-2 1.556 w d / w d z UU Sge 0.465 w d / m bd PG0934+186 4.05 am
WD1204+450 1.603 w d / w d m V447 Lyr 0.472 sdO/M be PG0839+399 5.622 e
PG1538+269 2.50 sdB/W D j V1513 Cyg 0.497 w d / m u PG1244+113 5.752 am
W D 1241-010 3.347 w d / w d h V471 Tau 0.521 W D /K aj HE115-0631 5.87 ao
WD1317+453 4.872 w d / w d h RXJ2130+4710 0.521 w d / m af PG0907+123 6.116 e
WD2032+188 5.084 w d / w d * HZ 9 0.564 w d / m bf PG1032+406 6.779 e
WD1824+040 6.266 w d / w d * PG1026+002 0.597 w d / m v W D 0048-202 7.45 ao
PG1115+166 30.09 w d / w d ad EG UMa 0.668 w d / m bg WD0940+068 8.33 d
REJ2013+400 0.706 w d / m v PG1110+294 9.415 e
WD2009+622 0.741 w d / m * PG1619+522 15.357 e
REJ1016-0520 0.789 w d / m v PG0850+170 27.81 e
HS1136+6646 0.836 w d / k ak
IN CMa 1.263 w d / m ah
BE UMa 2.291 w d / k av
REJ1629+780 2.89 w d / m ap
Feige 24 4.232 w d / m bh
G203-047ab 14.71 w d / m w
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log P (h r )  log P (h r )
F ig u re  9. Left panel: mass of the bright white dwarf for the four DDs discussed in this paper as measured by Bragaglia et al. (1995), 
Liebert et al. al. (2005) and Bergeron et al. (1992) (see Table 5) versus period distribution. In the grey scale we plot the mass to period 
distribution of DDs according to theory (for the model described in Nelemans et al. (2004)). Right panel: mass ratio (only upper limits 
taken from Table 5) for the four DDs studied versus period distribution. The theoretical distribution according to  the Nelemans et al. 
(2004) is also plotted.
T ab le  12. Temperatures and gravities measured for the bright 
component of the system by fitting the hydrogen line profiles to  
stellar atmosphere models. (a) Bragaglia et al. (1995), (b) Liebert 
et al. (2005) and (c) Bergeron et al. (1992). V represents the 
V magnitude taken from the literature and M y is the absolute 
magnitude. The masses given have been determined using cooling 
tracks by Althaus & Benvenuto (1997).
WD V Teff(A') log g M /M q M v Ref
1022+050 14.18 14481 7.48 0.389 10.68 a
1428+373 15.40 14010 7.36 0.348 10.35 b
1824+040 13.90 14795 7.61 0.428 10.83 a
2032+188 15.34 18540 7.48 0.406 10.24 c
1042-690 13.09 21380 7.86 0.551 10.52 a
2009+622 15.15 25870 7.70 0.489 9.93 c
tw o w hite dw arf p lus M  s ta r  b inaries. If  th e  h igh m asses in ­
ferred  from  th e  g rav ita tio n a l redsh ifts were righ t, th is  m eans 
th e  d irec t p rogenito rs of th e  w hite dw arfs m ust have been 
highly evolved giants. U sing th e  equations in  Hurley, Pols 
& T ou t (2000) in  th e  sam e way as described  in  N elem ans & 
T ou t (2004) we ca lcu lated  th e  possible p rogen ito r system s. 
For W D 1042—690 we find possible p rogenito rs w ith  m asses 
typ ically  in  th e  range 2 - 3 . 5  M q , while for W D 2009+622 
th e  p rogenito rs typically  have m asses betw een 1.25 -  3 M q . 
B ecause of th e  ra th e r  ex trem e m ass ra tio s  and  th e  large 
rad ii of th e  g iants, th e  C E  is m ost likely caused by tid a l in ­
te rac tio n , ra th e r  th a n  R oche-lobe overflow (H u t 1980) and  
th e  b inaries will generally no t be synchronised. W e use th e  
form alism  derived for s ta r  -  p lan e t in te rac tions by Soker
(1996) to  ca lcu la te  th e  separa tion  betw een th e  tw o s ta rs  a t 
w hich th e  C E sets in. T he  required  C E efficiencies are b e ­
tw een 0.1 and  1 for W D 1042—690 and  betw een 0.1 and  1.6 
for W D 2009+622. B o th  system s can  also be explained w ith  
th e  gam m a-algorithm  (N elem ans & T ou t 2004), w ith  values 
o f y a round  1.5. If, on th e  o th e r h an d , th e  lower w hite  dw arf 
m asses p resen ted  in T able 12 are righ t, th e  progen ito r m asses 
inferred  are in  th e  range 0.9 -  2.5 M q for W D 1042—690 and
0.75 -  2 M q for W D 2009+622. T he  requ ired  C E efficiencies 
derived in  th is  case lie in  th e  sam e ranges as for th e  m ore 
m assive w hite  dw arf a lte rn a tiv e  presen ted  above.
U sing th e  b inary  resu lts  p resen ted  in  Tables 7 and  8 , 
and  th e  equations from  Schreiber & G ansicke (2003), we 
have ca lcu la ted  th e  w hite  dw arf cooling age using m odels by 
W ood, R obinson  & Zhang (1995), t cooi, th e  o rb ita l period  
of th e  b inary  a t th e  end of th e  C E phase, P CE, th e  tim e  it 
will tak e  for th e  b inary  to  s ta r t  m ass tran sfe r (and becom e a 
CV) assum ing classical m agnetic  b rak ing  (CM B) and  assum ­
ing reduced  m agnetic  b rak ing  (R M B ), t sd, and  th e  o rb ita l 
period  w hen m ass tran sfe r s ta r ts , P sd. T hese values are p re ­
sen ted  in  th e  to p  th ree  rows of T able 13. T he  in p u t m asses 
used for th e  w hite dw arfs are those ob ta ined  assum ing th a t 
th ey  are carbon-oxygen core w hite  dwarfs. T he  in p u t m asses 
for th e  com panions are 0.17M q for W D 1042—690 and  0.120 
<  M m <  0.165 M q for W D 2009+622 (as ca lcu lated  in  Sec­
tio n  3.3.2). T he  value of P CE for b o th  b inaries is very close 
to  th e ir  p resen t o rb ita l periods w hich ind ica tes th a t  they  
are  very young P C E B s. T hese system s will n o t becom e CVs 
w ith in  a  H ubble tim e (except p erhaps W D 1042—690 if RM B 
takes place), assum ing T0 =  1 .3 x 1 0 10 y rs (Ferreras, Mel- 
chiorri & Silk 2001), and  w hen they  do, th e ir  o rb ita l periods 
will place th em  below th e  CV period  gap.
T he  evolu tionary  p ropertie s of W D 1042—690 and  
W D 2009+622 are also ca lcu la ted  by using th e  lower w hite 
dw arf m asses presen ted  in  T able 12 and  th e  m asses of th e  M 
dw arfs ob ta ined  in  Section 3.3.3. T hese are p resen ted  in  th e  
b o tto m  two rows of Table 13. T he  values for all p a ram eters  
in  th is  case are sim ilar to  those  o b ta ined  for th e  larger w hite 
dw arf m asses and  th e  conclusions reached are equivalent.
5 CONCLUSIONS
W e have ob ta ined  th e  o rb ita l so lu tion  for four D D  system s 
and  tw o w hite dw arf - M  dw arf b inaries. W e find th a t  th e  
w hite  dw arf com panions for th e  four D D s stud ied  co n trib u te  
betw een 10 and  20  p er cen t of th e  to ta l lum inosity  and
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T ab le  13. Evolutionary properties of W D 1042-690 and 
WD2009+622. The top three rows present the results obtained 
assuming the white dwarf masses given in Table 8 (0.72 and
0.59 M q respectively). 1 and 2 indicate calculations obtained for 
WD2009+622 by assuming Mm =  0.12 and 0.165 M q respec­
tively. The bottom  two rows present the results obtained when 
the lower white dwarf masses given in Table 12 are assumed in­
stead. In this case the M dwarf masses calculated in Section 3.3.3 
are used. The values of tcool and tsd given in the table are in fact 
the logs of tcool and tsd in years.
WD ¿cool P CE (d) t sd P sd
CMB RMB CMB RMB (d)
1G42-69G 7.92 G.3381 G.3375 1G.3G 1G.G8 G.G73
2GG9+6221 7.31 G.7412 G.7411 11.43 1G.96 G.G55
2GG9+6222 7.31 G.7412 G.7411 11.3G 1G.78 G.G71
1042-690 7.65 0.3376 0.3372 10.39 10.09 0.073 
2009+622 7.20 0.7412 0.7410 11.43 10.87 0.061
rem ain  unde tec ted . T he  m asses and  periods ob ta ined  for 
these  system s agree w ith  theo re tica l m ass period  d is tr ib u ­
tions (based on N elem ans e t al. (2004)).
In  th e  case of th e  w hite dw arf - M  dw arf b inaries we have 
been  able to  m easure th e  m otion  of b o th  com ponents. We 
find th a t  th e re  are signatu res of strong  irrad ia tio n  of th e  su r­
face of th e  M  dw arf com ponent in  W D 2009+622. T he  w hite 
dw arf m asses ca lcu la ted  from  th e ir  g rav ita tio n a l redsh ift are 
unusually  h igh  com pared to  those m easured  by fitting  th e ir 
hydrogen  lines w ith  ste llar a tm osphere  m odels, and  could be 
th e  resu lt of th e  evolution  of g ian t s ta rs  w ith  m asses betw een
1.25 and  3.5 M q th a t  w ent th ro u g h  a  C E  phase as a resu lt of 
tid a l in terac tion . T hese tw o binaries are young P C E B s th a t  
will evolve in to  CVs, a lthough  no t w ith in  a H ubble tim e, 
w ith  o rb ita l periods below th e  period  gap.
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